The structure, magnetic properties and martensitic transformation behaviour were investigated for as-spun Co 50 Ni 20 Ga 30 ribbons under various heat-treatment conditions. When the as-spun ribbons were annealed at 400
Introduction
Ferromagnetic shape memory alloys (FSMAs) have attracted much attention as actuator and sensor materials. Many new FSMAs such as NiFeGa [1] , CoNiAl [2, 3] and CoNiGa [4, 5] have been subsequently developed since the first FSMA, Ni 2 MnGa, was discovered in 1996 [6] . The ternary CoNiGa alloys have shown excellent shape memory effect, mechanical properties [7] [8] [9] and magnetic field controlled effect [10, 11] . Many studies have revealed that the martensitic transformation temperature (T M ) is seriously influenced by composition, which has been ascribed to the electron concentration [12, 13] . The other studies reported that the T M has a strong dependence on the heat-treatment conditions [14] [15] [16] . Based on these facts, it is expected that the martensitic transformation characteristics can be adjusted in a quite large temperature range and the mechanical property can also be improved greatly by various heat-treatment conditions [1, 8] . Thus, the materials can be applied in a more complex surrounding and extensive field. In this work, a series of heat-treatment conditions was applied to the melt-spun CoNiGa ribbons. It was found that, when the as-spun Co 50 Ni 20 Ga 30 ribbons were annealed at 400
• C, the martensitic transformation disappeared and the saturation magnetization (M s ) decreased, but the coercivity (H c ) increased greatly. Annealing the sample above 600
• C, the martensitic transformation reoccurred. The martensitic transformation temperature of the Co 50 Ni 20 Ga 30 ribbons can be adjusted from 132 to 249 K by varying the annealing temperature from 600 to 1200
• C.
Experimental
The intermetallic compound Co 50 Ni 20 Ga 30 was prepared by rapid solidification from the liquid state spinning onto the surface of a rotating copper wheel. The wheel velocity is 30 m s −1 . The thickness and width of the ribbons are about 30 µm and 3.5 mm, respectively, as shown in the inset of figure 1. In order to study the effect of heat treatments on the phase transitions and magnetic properties of the as-spun ribbons, the samples were heat treated in sealed quartzite tubes filled with argon atmosphere at different temperatures. A superconducting quantum interference device (SQUID) magnetometer was used to measure the dc magnetization of the samples. The structures of the samples were examined by x-ray diffraction (XRD) and transmission electron microscopy (TEM). The T M was determined by an ac-susceptibility measurement. The XRD results reveal that the austenite of the as-spun ribbons is a body-centred cubic (bcc)-type β phase ( figure 1(b) ).
Results and discussion
Previous work revealed that the structure of the as-cast CoNiGa alloys showed a great temperature dependence [14, 15] . Here, we carried out a systematic investigation of the heat-treated effect on the structure, martensitic transformation and magnetic properties of the melt-spun Co 50 Ni 20 Ga 30 ribbons. Firstly, we annealed the as-spun Co 50 Ni 20 Ga 30 ribbons at 400
• C for 14 days (denoted as sample 1). It was found that the martensitic transformation did not occur in the overall temperature range from 5 to 1000 K in sample 1.
The microstructure resulting in the change in the properties of sample 1 has been examined by TEM, as shown in figure 2. Figure 2 (a) is a bright-field image of the as-spun ribbons. At room temperature, the as-spun ribbons are situated in the parent phase (the T M is 255 K), but showing some parallel premartensitic plates, which suggest a precursor martensitic transformation with a softened lattice [7, 16] . Its electron diffraction pattern along the [111] zone axis as shown in figure 2(b) can be indexed as a bcc structure, which corresponds to the result of XRD. After annealing at 400
• C, the bright-field image of sample 1 depicts the presence of a lot of needle-like precipitates with dimensions of about 100 nm ( figure 2(c) ). The corresponding selected area electron diffraction patterns were taken with the incident electron beam along the [111] zone axis of the parent phase. As shown in figure 2(d * , respectively. They indicate that the needle-like microstructure has a special configuration in which the precipitates grew coherently from the matrix lattice and with higher atomic ordering in the 110 direction. This high ordering can also be confirmed by high-resolution transmission electron microscopy (HRTEM), as shown in figure 2(h) . Correspondingly, for the XRD of this structure character, a weak 2θ peak appeared at around 47
• (not shown) in the native β phase XRD background, which can also be seen in the CoNiAl sample annealed at 400
• C [17] . Such high ordering precipitates are coherently and regularly embedded into the matrix and work to have a strong hardening effect on the lattice, which is confirmed by the disappearance of the premartensitic plates in the annealed sample 1, as shown in figure 2(c) . Figure 3 compared the magnetization behaviours at 5 K for the as-spun samples and the 400
• C annealed samples. The as-spun ribbons have a M s of 49.5 emu g −1 and a near zero H c of 18 Oe. However, for sample 1, the M s decreased to 40.1 emu g −1 accompanied by a dramatic increase in H c up to 2622 Oe. In order to reveal the time dependence of the anneal effect, we also annealed the ribbons at 400
• C for 5 h and 10 h, respectively. It can be seen that M s = 43 emu g −1 and H c = 1698 Oe, M s = 40.5 emu g −1 and H c = 2468 Oe for the samples annealed for 5 h and 10 h, respectively. This observation implies that the precipitates formed quickly in the first 10 h but grew very slowly in the following prolonged annealing time.
Taking into account the decrease in M s and the forming of the needle-like precipitates in the annealed sample, we may preliminarily conclude that the needle-like precipitates have a low magnetization and thus pin the domain walls effectively. The precipitates densely distribute in the sample and join the matrix coherently, which result in the lattice hardening of the matrix. So the H c boosted up and the martensitic transformation was suppressed as mentioned above. Sample 1 was re-treated at different temperatures. The samples were quickly heated up to the desired temperature in a few seconds and then annealed for 30 s. Subsequently, the samples were quenched into water.
The ac-susceptibility measurements were carried out to reveal the influence of the treatments on the T M . As shown in figure 4(a) , the martensitic transformation reoccurred when sample 1 was quenched from 600
• C, with the T M at 145 K. Increasing the re-treatment temperature to 700
• C, the T M increased to 169 K. But when the heat-treatment temperature increased to 800
• C, the T M decreased down to 132 K. Re-treating sample 1 above 800
• C, the T M monotonously increased with increasing heat-treatment temperature. When the heat-treatment temperature increased to 1200
• C, the T M was up to 249 K, close to the T M of the as-spun ribbons.
In order to reveal the evolution of the structure at different heat-treatment temperatures, XRD examinations have been carried out for the corresponding re-treated samples. As shown in figure 5(a) , the XRD patterns taken from the sample re-treated at 600
• C shows that the characteristic peak at 47
• appearing in sample 1 was effectively eliminated. But some characteristic peaks of face-centred cubic (fcc)-type γ phase appeared besides those of the β phase. With increasing re-treatment temperature, the γ phase characteristic peaks became clearer (figures 5(b) and (c)). When the re-treatment temperature increased to 800
• C, a number of γ phases were formed in the samples which can be deduced from figure 5(d). But when sample 1 was re-treated at 900
• C, the γ phase decreased, and the structure almost reversed to the original β phase when the re-treatment temperature was up to 1100
• C (as shown in figure 5(e) ). That is to say, γ phases of different content were formed in sample 1 at different re-treatment temperatures. Similar phenomena have also been found in CoNiGa samples [14, 15] and as-spun CoNiAl ribbons [17] .
Based on the examinations of the structure, the fluctuation of the T M with heat treatment temperatures, as shown in figure 4 , can be explained reasonably. The needlelike precipitates decreased dramatically when sample 1 was re-treated at 600
• C, so the martensitic transformation reoccurred. But the transformation was still incomplete, which seems to be due to the remanence of the hardening effect. When the re-treatment temperature increased to 700
• C, the sample showed a complete martensitic transformation with higher T M of 170 K, indicating that the hardening effect has been eliminated completely. It should also be noted that more γ phases precipitated, as shown in figure 5(b) . Oikawa et al [1] and Chernenko et al [7] pointed out that the fcc-type γ phase is a Co-rich phase; corresponding to a decrease in Co content in the matrix, the electron concentration decreased, which also decreased the T M [5] . The γ phase with a fcc structure is situated incoherently within the bcc matrix. Such a separated γ phase cannot harden the lattice effectively. So in the re-treated case the T M is composition-dominated, and for the 700
• C re-treated sample with considerable γ phases, the T M is lower than that of the as-spun ribbons. For the sample quenched from 800
• C, it can be considered that more γ phases which precipitated from the matrix led to a further decrease in the T M as shown in figure 4 . With subsequent heat treatments from 900 to 1200
• C, the T M monotonously increased. From figure 5(e), we can see that when the heat-treated temperature increased to 1100
• C, the β phase reappeared. It can be deduced that on annealing sample 1 above 800
• C, the β phase is restored gradually. The restoration of the β phase increased the T M of the samples.
Conclusion
The martensitic transformation characteristics and the magnetic properties can be affected greatly by the heattreatment conditions for the as-spun Co 50 Ni 20 Ga 30 ribbons. When the as-spun ribbons were annealed at 400
• C, some low magnetic needle-like precipitates grew coherently from the matrix lattice with higher atomic ordering in 110 directions, which resulted in the decrease in M s from 49.5 to 40.1 emu g −1 accompanied by the increase in H c from 18 to 2622 Oe and the disappearance of the martensitic transformation. Re-treating the 400
• C annealing sample at different temperatures from 600 to 1200
• C, the martensitic transformation reoccurred and the T M was adjusted between 132 and 249 K, which was due to the change in the matrix composition.
